ABSTRACT: Manganese peroxidase (MnP) is a heme-containing enzyme produced by white-rot fungi and is part of the extracellular lignin degrading system in these organisms. MnP is unique among Mn binding enzymes in its ability to bind and oxidize Mn II and efficiently release Mn III . Initial site-directed mutagenesis studies identified the residues E35, E39, and D179 as the Mn binding ligands. However, an E39D variant was recently reported to display wild-type Mn binding and rate of oxidation, calling into question the role of E39 as an Mn ligand. To investigate this hypothesis, we performed computer modeling studies which indicated metal-ligand bond distances in the E39D variant and in an E35D-E39D-D179E triple variant which might allow Mn binding and oxidation. To test the model, we reconstructed the E35D and E39D variants used in the previous study, as well as an E39A single variant and the E35D-E39D-D179E triple variant of MnP isozyme 1 from Phanerochaete chrysosporium. We find that all of the variant proteins are impaired for Mn II binding (K m increases 20-30-fold) and Mn II oxidation (k cat decreases 50-400-fold) in both the steady state and the transient state. In particular, mutation of the E39 residue in MnP decreases both Mn binding and oxidation. The catalytic efficiency of the E39A variants decreased ∼10 4 -fold, while that of the E39D variant decreased ∼10 3 -fold. Contrary to initial modeling results, the triple variant performed only as well as any of the single Mn ligand variants. Interestingly, the catalytic efficiency of the triple variant decreased only 10 4 -fold, which is ∼10 2 -fold better than that reported for the E35Q-D179N double variant. These combined studies indicate that precise geometry of the Mn ligands within the Mn binding site of MnP is essential for the efficient binding, oxidation, and release of Mn by this enzyme. The results clearly indicate that E39 is a Mn ligand and that mutation of this ligand decreases both Mn binding and the rate of Mn oxidation.
White-rot fungi are uniquely adapted to degrade lignin, a phenylpropanoid cell wall polymer which provides rigidity, cell adhesion, and microbial resistance to vascular plants (1, 2) . The best-studied white-rot basidiomycete, Phanerochaete chrysosporium, preferentially degrades lignin under nutrient nitrogen limiting (idiophasic) conditions by secreting enzymes, including lignin and manganese peroxidases (LiP 1 and MnP), and a hydrogen peroxide generating system (3) (4) (5) (6) . Though specific components of the lignin degrading machinery of various white-rot fungi vary, manganese peroxidases (MnPs) have been detected in virtually all lignin degrading fungi so far studied (7) (8) (9) (10) (11) .
P. chrysosporium produces a series of extracellular MnP isozymes under ligninolytic conditions (12, 13) . MnP isozyme 1 has been purified and studied extensively by a variety of biochemical and biophysical methods (5, 12, (14) (15) (16) . Spectroscopic, DNA sequence comparison, and X-ray crystallographic studies indicate that the heme environment of MnP is similar to that of other plant and fungal peroxidases (17) (18) (19) (20) (21) (22) (23) . Kinetic and spectroscopic characterization of the native and oxidized intermediates of MnP indicates that the catalytic cycle is similar to that of other plant and fungal peroxidases (15, 24) . However, MnP is unique among peroxidases in utilizing Mn II as its primary reducing substrate (14, 15) . The peroxidatic cycle is as follows:
where MnPI contains an oxoferryl porphyrin π cation radical (two-electron-oxidized) and MnPII contains an oxoferryl (one-electron-oxidized) heme. Enzyme-generated Mn III is stabilized by dicarboxylic organic acid chelators, such as oxalate (15, 25, 26 10 .1021/bi002104s CCC: $20.00 © xxxx American Chemical Societyenough to diffuse from the enzyme and oxidize terminal phenolic substrates, including lignin (27) and aromatic pollutants (28) (29) (30) (31) . Oxidation of nonphenolic lignin substructures by MnP has been proposed to occur via radical mediators (32, 33) . The Mn II binding site of MnP isozyme 1 from P. chrysosporium was identified by X-ray crystallographic and initial site-directed mutagenesis studies (19, (34) (35) (36) . The MnP crystal structure indicates that enzyme-bound Mn II is hexacoordinate with two water ligands and four carboxylate ligands from heme propionate 6 and three amino acid residues: D179, E35, and E39 (19) . Several variant MnPss D179N, E35Q, E39Q, and D179N-E35Qswere created by exchanging the amino acid carboxylate ligands for their respective amides via site-directed mutagenesis of the mnp1 gene (34, 35) . The amino acid substitutions were chosen to maintain steric constraints within the site while abolishing Mn II ligation. Binding and oxidation of Mn II were greatly reduced in all of the variant enzymes. In all other respects, including reactivity toward H 2 O 2 and substrates with alternate binding sites, the variant enzymes were similar to the wild type, indicating that the mutations specifically affected Mn II binding and oxidation rather than the overall structure or function of the enzyme (34, 35) . This was confirmed by X-ray crystallographic analysis of the variants, which clearly showed disruption of the Mn binding site while other structural features remained unchanged (36) .
As a result of these combined studies, D179, E35, and E39 were identified as Mn II ligands. However, a recent mutagenesis study of these ligands has raised doubts regarding the importance of E39 in Mn II binding and oxidation (37) . In that study, site-directed mutagenesis was used to shorten the alkyl side chains of the E35 and E39 ligands by isochemical substitution to produce E35D and E39D mutant mnp genes. A D179A variant was also made. The proteins were then heterologously expressed in E. coli, isolated from inclusion bodies, and reconstituted. The D179A and E35D variants exhibited characteristics similar to the previous single variant MnPs (D179N and E35Q), including increased K m for Mn II and decreased k cat values (37) . In striking contrast to the previous E39Q variant (35) , the E39D variant was claimed to exhibit wild-type characteristics including wildtype kinetics for Mn II binding and oxidation under both steady-state and transient-state conditions (37) . Those investigators concluded that E39 was "not critically important" to Mn II binding nor electron transfer from Mn II to the enzyme. In this paper, we reexamine the role of E39 in Mn II binding and oxidation through computer modeling and steady-state and transient-state kinetic analysis of our own homologously expressed E39D variant as well as a new variant, E39A. We also probe the flexibility of the Mn II binding site in MnP by examining an isochemical triple variant, D179E-E35D-E39D.
EXPERIMENTAL PROCEDURES
Organisms. P. chrysosporium wild-type strain OGC101, auxotropic strain OGC107-1 (Ade1), and prototrophic transformants were maintained as described previously (38) . Escherichia coli DH5R was used for subcloning plasmids.
Molecular Modeling. Structures were modeled using the Swiss PDB Viewer v3.6b3 (Glaxo-Wellcome). The crystal structure data for wild-type MnP were obtained from the Protein Data Bank file 1mnp (19) . As recommended by the software documentation, ligands and Mn were first manually translated/rotated to avoid steric interactions following introduction of mutation. The structures were then subjected to successive energy minimization using the GROMOS96 protocol (39) . Structures were then rendered using the POVRay for Windows 3.1 g.watcom.win32 rendering engine (Persistence of Vision Development Team).
Construction of Transformation Plasmids. Site-directed mutations were introduced into the pGM1 plasmid (35) , which contains 1.1 kb of the gpd promoter fused to the coding region of P. chrysosporium mnp1 at the ATG translation initiation codon, by the PCR-based Quikchange (Stratagene) method. Forward and reverse primers (16) (17) (18) (19) (20) bp) containing altered codons were obtained to introduce the mutations for each amino acid. The GAG codon for E39 was changed to GAC (E39D) or GCG (E39A). The GAA codon for E35 was changed to GAC (E35D). The triple variant was constructed by successive rounds of the Quikchange protocol. The E39D construct was used to create an E39D-E35D double mutation. Subsequently, the GAC codon of D179 of this double variant was altered to GAG (D179E) to create the E39D-E35D-D179E triple variant. Following mutagenesis, the plasmids were isolated and sequenced in both directions to confirm the mutations and check for any other sequence alterations. Plasmids were double-digested, and the XbaI-EcoRI fragments, containing the gpd promoter and mutated mnp1 genes, were subcloned into pOGI18 (38, 40) , a P. chrysosporium transformation plasmid containing the Schizophyllum commune ade5 aminoimidazole ribonucleotide synthetase gene as a selectable marker. The entire mnp1 coding regions of the resulting plasmids were sequenced to again verify the mutations and to ensure no other sequence alterations occurred.
Transformation of P. chrysosporium. Protoplasts of the Ade -strain OGC107-1 were transformed as described (38, (40) (41) (42) , using 1 µg of EcoRI-linearized plasmid as the transforming DNA. Prototrophic transformants were transferred to minimal medium slants to confirm adenine prototrophy and were subsequently assayed for MnP activity using the o-anisidine plate assay as described previously (42) . Transformants exhibiting the highest activity on plates were purified by fruiting as described previously (43) , and the progeny were rescreened for MnP activity by the plate assay. The purified transformants exhibiting the highest activity in large shaking cultures were selected for further study.
Production and Purification of Variant MnP Proteins. Selected transformants were maintained on MYV slants and grown in high carbon-high nitrogen (HCHN) liquid medium in stationary culture from conidial inocula as described previously (42) . These stationary cultures were homogenized and used as inocula for shaking cultures containing 1 L of liquid medium in 2-L flasks, and were grown for 3 days at 28°C. The extracellular medium was filtered and concentrated, and the variant MnP proteins were purified by a combination of Phenyl Sepharose CL-6B hydrophobic interaction, Cibacron blue 3GA dye affinity, and MonoQ anionic exchange chromatographies as described previously (35, 42 kinetic experiments were performed using an Applied PhotoPhysics SX.18MV sequential stopped-flow reaction analyzer at 25.0 ( 0.2°C as described (45) . Reductions of each intermediate by ferrocyanide were measured individually. Complete formation of enzyme intermediates was confirmed by diode array rapid scanning. All reactions contained 50 mM potassium malonate, pH 4.5, and the ionic strength of all solutions was adjusted to µ ) 0.1 M with K 2 SO 4 . The final concentration of enzyme was 1 µM, and a minimum 10-fold excess of substrate was used in all reactions to ensure pseudo-firstorder reaction kinetics. All kinetic traces displayed singleexponential character from which pseudo-first-order rate constants were calculated.
PCR of Genomic DNA. Mycelia from 3-day-old stationary cultures [high carbon-high nitrogen (HCHN)] of the selected E39D transformant were flash-frozen in liquid nitrogen and ground by mortar and pestle. Genomic DNA was extracted as described previously (18, 46) . To ensure selective amplification of recombinant mnp, primers in both the gpd and mnp genes were selected. The 19-bp forward primer in the PCR reaction annealed to the gpd promoter 75 bp 5′ of the mnp ATG (42). The 24-bp reverse primer annealed to the first 13 bp of intron IV and 12 bp of exon III in the mnp1 gene. The resulting 685-bp fragment was purified using the QIAquick PCR purification kit (Qiagen) and sequenced directly.
Chemicals. All chemicals were reagent grade and obtained from Sigma/Aldrich. Solutions for kinetic analyses were prepared with HPLC-grade water.
RESULTS

Computer Modeling of Variant Enzymes.
Prior to construction, the variant MnPs were modeled using the Swiss PDB-Viewer. Virtual mutations were introduced into the 2.06-Å crystal structure (19) . Figure 1A indicates the Mn IIligand distances for the wild-type protein. Modeling of E39D and the E35D-E39D-D179E variants showed various scenarios in repeated energy minimizations, indicating some variability in the software's ability to predict the most stable conformation. Modeling of the E39D variant indicated some conformations with bond lengths similar to the wild-type but with altered Mn ligand geometry (data not shown). If the wild-type Mn geometry was maintained, the models showed an increase in the Mn-residue 39 bond length to 3.23 Å, indicating probable loss of this ligand from the Mn coordination sphere ( Figure 1B) . Similarly, modeling of the E35D-E39D-D179E triple variant with wild-type Mn geometry FIGURE 1: (A) Mn II binding site of wild-type manganese peroxidase isozyme 1 from P. chrysosporium from X-ray crystal structure data (19) . Mn II binding sites of the (B) E39D single variant and (C, D) DDE (E39D-E35D-D179E) triple variant could be modeled with either retention of the wild-type geometry (B, C) or optimization of ligand bond distances (D), but not both. Mutated residues are underlined. Mn-ligand distances are reported in angstroms. Structures were modeled using the Swiss PDB Viewer v3.6b3 and POV-Ray for Windows as described.
showed retention of the 179 ligand (with possible bidentate coordination) and loss of the residue 35 and residue 39 ligands ( Figure 1C ). Shorter bond lengths, suggesting retention of all the ligands, could be obtained for the triple variant, but only with an accompanying distortion of the Mn ligation geometry ( Figure 1D ). Modeling of the E35D variant showed a 0.8-Å increase in the Mn-residue 35 bond distance (data not shown) from 2.6 Å for E35 to 3.4 Å for D35, suggesting that the D35 residue can no longer function effectively as a Mn ligand.
Expression and Purification of the Variant Enzymes. Prior to the fungal transformation, the entire coding regions of the mutant mnp1 in the pAGM plasmids were sequenced. The only variations in the sequence versus the wild-type mnp1 gene were the desired mutations. Transformation of the Ade -strain (OGC107-1) with the EcoRI-linearized plasmids resulted in multiple (10-80) transformants. Typically, 20% of the transformants were positive for MnP activity by the o-anisidine plate assay, using 5 mM MnSO 4 (42) . For each mutant, three transformants exhibiting maximal activity on the plate assay were selected and purified by fruiting (38, 40, 43) . Colonies from single basidiospores were rescreened for MnP activity by the plate assay, and three purified isolates for each mutant were then grown in large HCHN shake cultures for 3 days at 28°C, when endogenous MnP is not expressed (42) . Extracellular medium from the transformants was tested for MnP activity (15) , and the transformant exhibiting the highest activity was selected for further study. Enzymes were purified from the extracellular medium by successive Phenyl Sepharose, Blue Agarose affinity, and MonoQ anion exchange chromatographies (35, 42) . The yields were comparable to those for previous variants and recombinant wild-type MnP (∼2 mg‚L -1 ) (34, 35, 42, 45) . The Rz values of the purified enzymes were >4.
Sequence Analysis of E39D Genomic DNA. Genomic DNA was isolated from 3-day-old stationary cultures of the E39D transformant grown in HCHN medium. PCR amplification of the introduced gpd-mnp1 construct was performed using a forward primer in the gpd promoter and a reverse primer in intron IV and exon III of the mnp1 coding region. The 685-bp amplified fragment encoded the first 118 amino acids of the MnP1 protein. The fragment was sequenced and the E39D mutation identified. The introduced mutation was the only alteration found in the E39D genomic fragment versus the wild-type mnp1 gene.
Spectral Analyses. Electronic absorbance maxima of the native and oxidized intermediates for the wild-type and variant MnP proteins were compared (data not shown). All of the spectra were stable for the duration of several successive scans (up to 30 s) and exhibited only slow autoxidation (k < 1 s -1 ) thereafter, indicating that the enzymes were kinetically active and stable. Spectral maxima for the variant enzymes and their respective intermediates closely matched those of wild-type MnP, indicating no significant alterations in the heme environments of the variant MnPs.
Steady-State Kinetic Analyses. Steady-state parameters for the wild type and each of the variant enzymes (E39A, E39D, E35D, and DDE) are listed in Table 1 . Constants for the E35D-E39D double variant were not calculated, since Mn oxidation by the enzyme was barely detectable (data not shown). Table 1 also lists the redetermined values for D179N, E39Q, and E35Q variants which were previously constructed (34, 35) . With the exception of the E39D variant, the changes in k cat and K m values for Mn II were consistent with previous reports (34, 35, 37) .
The E39D variant we constructed showed markedly different kinetics from those previously reported for this variant (Table 1) (37) . Our variant showed a 50-fold decrease in k cat to 6.5 s -1 compared with the wild-type rate of 300 s -1 (15) and in contrast to the previous report citing no change in the k cat value associated with this mutation versus the wild type (37) . The k cat values for the majority of the single ligand variants (D179A, D179N, E39Q, and E35D) decreased 50-100-fold, while several variants (E39A, E35Q, and DDE) showed 300-400-fold decreases in k cat , in agreement with previous work (34, 35, 37) .
Our E39D variant also showed a 20-fold increase in the K m for Mn II to approximately 1 mM, in contrast to the previously reported K m of 36 µM for this same variant (37) . Again, this 20-fold increase in K m is consistent with the other single ligand variants, which all showed a 15-60-fold increase in the K m for Mn II . The resulting catalytic efficiency for Mn II was decreased 10 3 -fold for all of the variants except E39A, E35A, and DDE, for which the efficiency dropped 10 4 -fold, again conflicting with the previous report citing no change in efficiency for the E39D variant (37) . None of the variants exhibited changes in the catalytic efficiency for H 2 O 2 , in agreement with the previous report for E35D and in contrast with previous reports for the E39Q, E35Q, and D179N variants (34, 35) .
Formation of MnP Compound I. The rates of compound I formation for wild-type MnP and the E39D, E39A, E35D, and DDE variants were measured in 50 mM malonate at pH 4.5 by following the change in absorption of the enzyme at 397 nm, the isosbestic point between compound I and compound II. Kinetic traces, from which pseudo-first-order rate constants (k 1obs ) were measured, displayed exponential character. Plots of k 1obs versus [H 2 O 2 ] were linear with zero ordinate intercepts, indicating irreversible second-order kinetics (data not shown). Apparent second-order rate constants for the variant MnPs were similar to the wild type and previously reported values for other binding site variants (34, 35, 37) ( Table 2 ). 
Reduction of MnP Compound I.
Kinetic parameters for the reduction of compound I are listed in Table 2 . Singleelectron reductions of compound I to compound II of the variant enzymes by K 4 FeCN 6 and Mn II were examined in 50 mM malonate, pH 4.5, at 416 nm, the isosbestic point between compound II and native enzyme. The two-electron reduction of compound I to native enzyme by Br -was followed at 406 nm. All kinetic traces used to calculate pseudo-first-order rate constants (k 2obs ) were exponential in character, and plots of k 2obs versus substrate concentration were linear (Figures 2 and 3) . The second-order rate constants for reduction of the variant MnPs by K 4 FeCN 6 and Br -were similar to wild-type MnP. However, second-order rate constants for reduction by Mn II were significantly lower than wild-type MnP and varied considerably for the different variants. The rate constant for the E39D variant was ∼30-fold lower than that of wild-type MnP and that previously reported for this variant (37) . The rate constant for E35D was 100-fold lower than that of wild-type MnP and 10-fold lower than that previously reported for this variant (37) . The rate constants for both the E39A single variant and the E35D-E39D-D179E triple variant were 1000-fold lower than that of wild-type MnP.
Reduction of MnP Compound II. Reduction of compound II by K 4 FeCN 6 (Table 3) and Mn II (Table 3) was measured in 50 mM malonate, pH 4.5, at 420 nm. Plots of k obs versus Mn II concentration exhibited saturation kinetics (Figure 4) as have been previously observed for wild-type MnP (35) and the E35D and E39D variants (37) . Dissociation constants, K D , and first-order rate constants, k 3 , were determined as previously described (15) ( Table 3 ). The K D values increased 10-80-fold while the k cat value decreased 40-fold for the E39D variant, 120-fold for E35D, and 1200-fold for E39A, compared with the wild type. The calculated apparent secondorder rate constants decreased 10 3 -10 4 -fold compared with wild-type MnP. Values for the E35D variant are in agreement with those previously reported for this variant, whereas the values for the E39D variant are in sharp contrast to the previous report that this mutation does not affect Mn binding or the rate of compound II reduction by Mn II (37). a Reaction mixtures contained 1 mM enzyme and 50 mM malonate (pH 4.5), final concentrations. The ionic strength of all solutions was adjusted to µ ) 0.1 M with K2SO4. Reactions were conducted under pseudo-first-order conditions, and substrate concentrations were varied as described in the text. Constants were determined from slopes of linear kobs vs [S] plots. Individual kinetic traces showed exponential character and were fitted to obtain kobs. b DDE ) the triple variant E35D-E39D-D179E. 
DISCUSSION
MnP is unique among Mn binding enzymes in its ability to bind and oxidize Mn II and efficiently release Mn III . This discriminatory binding is a critical aspect of MnP function. As a result of combined kinetic and crystallographic studies of these variants, the residues D179, E35, and E39 were identified as catalytically important Mn II ligands (19, (34) (35) (36) . In the first set of binding site variants, the amino acid carboxylate ligands were exchanged for their respective amides via site-directed mutagenesis of the mnp1 gene from P. chrysosporium (34, 35) . Since amides are poor ligands for Mn, these variants were designed to maintain steric constraints in the enzyme while selectively interfering with Mn ligation.
E39 is conserved in all known MnP sequences (16) , and previous kinetic analyses (35) and the X-ray crystal structures (19, 36) clearly indicate that E39 is, in fact, a ligand to the Mn. However, a more recent mutagenesis study using isochemical substitution of these ligands has raised doubts about the importance of E39 in Mn II binding and oxidation (37) . In that study, an E39D variant of MnP was constructed which was claimed to exhibit wild-type reaction kinetics for Mn II . As a result, the authors proposed that E39 was not a ligand to the Mn. There are two alternate explanations for the proposed wild-type kinetics of the E39D variant in that study (37) . The first is that the mutation was lost and the kinetics observed really are those of a wild-type enzyme. The second possibility concerns the isochemical nature of the substitution. In the E39D mutation, the functional carboxyl group is retained, although the side chain is shortened by one methylene group. It is possible that a shortened D39 residue could still ligate the Mn in a fashion similar to the original E39 residue, if there were some flexibility in the Mn binding site.
To further investigate this possibility, we first performed molecular modeling of the E39D and E35D variants. In the model, the Mn-ligand bond distances indicate that perhaps the mutated D35 residue is no longer capable of binding Mn, in agreement with the kinetic analysis of this variant (37) . However, modeling of the E39D and E35D-E39D-D179E variants indicated possible flexibility in the binding site, whereby the mutated residues might still function as ligands, but only with an accompanying change in the Mn ligation geometry (Figure 1) . If the ligation geometry of the variants was fixed into the wild-type, near-octahedral conformation, the metal-ligand bond distances were increased by 0.5-0.8 Å, resulting in probable loss of the mutated ligands.
To evaluate the models, we reconstructed the E39D and E35D variant MnPs using our homologous expression system (42) . The results of our kinetic analysis of the E35D variant are very similar to those previously obtained (Tables 1-3) (37), which is significant since the variants were expressed in different systems. The previous E35D variant was heterologously expressed in E. coli and reconstituted with calcium and heme. The resulting enzyme was not glycosylated. In contrast, homologous expression in P. chrysosporium results in a fully processed and secreted enzyme which is glycosylated and which does not require reconstitution. The similar kinetic results for both the E35D variant MnPs in this work and the previous study (37) indicate that differences in the expression systems did not affect the overall kinetic characteristics of these variants.
Our results for the E39D variant, however, are markedly different from those of the previous study (37) . Steady-state and transient-state analyses of our E39D variant MnP clearly indicate that the binding and oxidation of Mn II are significantly reduced by this substitution. Sequencing of genomic DNA from the transformed fungus containing the recombinant gene indicated that the E39D mutation was correct with no other sequence alterations present. We also constructed an E39A mutation, effectively removing the ligand from the binding site. As expected, kinetic analysis indicates that the E39A substitution decreases Mn binding and oxidation to a similar but slightly greater extent than the E39D substitution. a Reaction mixtures contained 1 µM enzyme and 50 mM malonate (pH 4.5), final concentrations. The ionic strength of all solutions was adjusted to µ ) 0.1 M with K2SO4. Reactions were conducted under pseudo-first-order conditions, and substrate concentrations were varied as described in the text. Constants were determined as described (15) . Individual kinetic traces showed exponential character and were fitted to obtain kobs. b DDE ) the triple variant E35D-E39D-D179E. Transient-state kinetics indicate similar changes (Tables 2  and 3 ). These results, combined with those for the previous E39Q variant, clearly indicate that E39 plays an important role in binding and oxidation of Mn II . In addition to the single-site substitutions, we constructed an E35D-E39D-D179E isochemical triple variant. In this variant, two of the ligand side chains were shortened while the third was lengthened. Molecular modeling indicated that this triple-substituted binding site might still be functional for Mn binding and oxidation if the Mn and associated water ligands were to move a few angstroms outward toward residues 35 and 39 ( Figure 1D ). Whereas the kinetics for Mn oxidation by the double variant (E35D-E39D) were barely measurable, the triple variant performed almost as well as the E39A single variant.
These combined results indicate that the Mn binding site may be relatively inflexible to changes in the geometry of the site. It appears that even isochemical substitutions greatly reduce both Mn binding and the rate of Mn oxidation. Although both the E39D and the isochemical triple variants are theoretically capable of Mn binding, both binding and electron transfer are in fact diminished. The kinetic data support the assertion that maintenance of the octahedral Mn ligation geometry predominates bond formation. The fact that the E39D variants perform slightly better than the E39A and E39Q variants and the E35D-E39D-D179E triple variant performs as well as a single variant indicates weak ligation in the altered sites. However, it is most likely energetically unfavorable for the Mn to adopt the altered geometry required for the substituted residues to act as good ligands. This is supported by crystal field theory in which tetragonally distortion of an octahedral complex is accompanied by electron spin pairing in the metal, which is energetically unfavorable for Mn (47) .
Our results have interesting implications for attempts to engineer MnP-like Mn binding sites into other proteins. Recent studies with variants of cytochrome c peroxidase (CcP) engineered to contain an Mn binding site also indicate that precise geometry is required for efficient Mn binding and oxidation (48, 49) . Similar to our results for MnP, and despite promising modeling of the CcP variants, the best Mn binding CcP performed only as well as any of the single ligand MnP variants (48 
